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Abstract: We present a new method for data acquisition in time-resolved
terahertz spectroscopy experiments. Our approach is based on simultaneous
collection of reference and differential THz scans. Both the optical THz
generation beam and the pump beam are modulated at two different frequen-
cies that are not harmonic with respect to each other. Our method allows not
only twice as fast data acquisition but also minimization of noise connected
to slowly varying laser power fluctuations and timing instabilities. Our use
of the nonlinear crystal N-benzyl-2-methyl-4-nitroaniline (BNA) enables
time-resolved THz spectroscopy to beyond 5 THz, thereby highlighting that
the presented method is especially valuable at higher frequencies where
phase errors in the data acquisition become increasingly important.
© 2009 Optical Society of America
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1. Introduction
Time-resolved terahertz spectroscopy (TRTS) is a relatively new and powerful experimental
technique for studying subpicosecond dynamics of photoexcited charge carriers in semicon-
ductors [1, 2, 3] and other materials [4, 5]. It is a non-contact method capable of determining
the evolution of the frequency-dependent photoconductivity with a temporal resolution better
than 200 fs. TRTS is a time-domain technique, where the spectral information is obtained by
Fourier transform of near-single-cycle transients following interaction with a sample, usually
by transmission. To extract the frequency-resolved conductivity of a photoexcited sample, two
THz transients are necessary: a reference scan, Ere f (t), of the unexcited sample and a scan
of the pumped sample, Epump (t). The most common data acquisition scheme is to separately
measure Ere f (t) with a blocked pump beam or at negative pump-probe delay times, and then
to measure a differential THz scan, ΔE (t), and calculate Epump (t) = Ere f (t)+ ΔE (t). In this
procedure two scans are taken separately and some false spectral features can be introduced if
in between scans the output (power, pulse shape) of the laser system changes. In this paper we
present a new method of data acquisition in which both scans are taken simultaneously. This
approach is not only twice as fast, but also eliminates spurious errors in the spectroscopy arising
from experimental conditions changing during data acquisition.
2. Experimental details
Figure 1(a) shows the schematic representation of our time-resolved terahertz spectroscopy
setup. A regenerative Ti:sapphire femtosecond laser amplifier was delivering 45 fs, 2.8 mJ
pulses with center wavelength of 800 nm at a 1 kHz repetition rate. The laser output was split
into three portions: a source beam for THz pulse generation, a pump beam for excitation of
the sample and a gating beam for THz detection by free space electro-optic sampling. Tera-
hertz waves were generated by optical rectification in 1.4 mm-thick [010] N-benzyl-2-methyl-
4-nitroaniline (BNA) crystal [7, 8]. BNA is an organic nonlinear crystal with high second order
nonlinear coefficients [9] and allows a higher bandwidth of generated THz radiation than the
most commonly used ZnTe. BNA exhibits a linear dependence of generated electric field versus
pump power up to the point when signs of damage are apparent at a fluence of ∼ 1 mJ/cm2.
The 800 nm light transmitted though the BNA crystal is blocked by a black polyethylene sheet,
transmissive to the THz pulse. Off-axis parabolic mirrors are used to expand the THz beam
and next to collimate and focus it to a ∼ 1 mm-diameter spot on the sample. The transmitted
THz pulse is then collimated and re-focused onto a [110] GaP crystal (300 μm-thick) for free
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space electro-optic detection of the THz transients. GaP was chosen for detection over the more
efficient ZnTe to allow higher bandwidth detection, as the first phonon is at ∼11 THz whereas
ZnTe has its first phonon at ∼5.3 THz. [10] The setup was enclosed in a plexiglass box and
purged with dry N2 to avoid water absorption lines. Both the 800 nm probe beam and the pump
beam were focused through small holes in the centers of off-axis parabolic mirrors for collinear
detection and excitation of the sample at normal incidence. The pump beam was frequency
doubled to 400 nm by β -BaB2O4 (BBO) crystal to ensure that the ∼ 15 nm penetration depth
of the pump beam in semi-insulating gallium arsenide (SI GaAs) creates a thin enough film
to fulfil the thin film approximation [19]. The sample was mounted on the back of a 1.5 mm-
diameter aperture to aid in pump/probe overlap. The pump beam spot was approximately 3 mm
in diameter, ∼3 times larger than the THz spot which ensured uniform excitation [11]. Two
computer controlled delay stages were used to change the pump-probe delay times and also to
map the THz pulse shape. The setup was constructed in such a way that one delay stage was
scanning the time interval between the pump pulse with respect to both the THz source and
probe pulses. In this way the whole THz transient was experiencing a constant delay from the
pump pulse [13].
Fig. 1. (a) Schematic of the TRTS setup. (b) 2 frequency chopper blade. (c) time sequence
of incoming pulses.
Double modulation is a well-known technique for both static and time-resolved terahertz
spectroscopy [14, 15], however to date this has only been used for noise reduction of the dif-
ferential scan. The key element in simultaneous acquisition of reference and differential THz
scans is the use of a two frequency chopper blade, which shape is shown on Fig 1(b). The chop-
per blade consists of two kinds of sets of slots and shutters. The outer set is built of 15 slots
and 15 shutters in equal spacing, while the inner set consists of 10 slots and 10 shutters, where
the shutters are twice as wide as the slots. The chopper blade is rotating at such a speed to
modulate the beam going though the outer part at 500 Hz, synchronised to the 1-kHz repetition
rate of the laser, and at the same time modulate the beam going though the inner part at 333 Hz.
The output from the balanced photodiode detector is split and sent to two independent lock-in
amplifiers. The reference signals for the lock-in amplifiers are second (500Hz) and third (333
Hz) sub-harmonics of the laser system reference signal, and therefore are not harmonic with
respect to each other, so the cross talk between signals measured at those frequencies is on the
noise level.
Figure 1(c) shows the time sequence of the laser, pump, generation and THz pulses with
respect to each other. The inner chopper blade selects every third pulse which is used for THz
generation, while the outer blade transmits every second pulse which is used as a pump. The first
(C) 2009 OSA 23 November 2009 / Vol. 17,  No. 24 / OPTICS EXPRESS  21971
#118592 - $15.00 USD Received 14 Oct 2009; revised 13 Nov 2009; accepted 13 Nov 2009; published 16 Nov 2009
Fig. 2. (a) The experimental waveform (points) of the voltage difference V1−2 between
the balanced detector photodiodes with an exponential decay fit (solid line) extended to
later times to represent a typical shape of the voltage difference during experiments with
the simultaneous data acquisition scheme. The decay constant for the voltage difference
was found to be 1.02 ms. (b) The calculated values of the constant A as a function of
photodiodes decay time τ under the assumption that voltage difference V1−2 is composed
of pure exponential decays.
transmitted THz transient does not experience the presence of a pump, while the transmission
of the second THz pulse decreases due to increased absorption from excited free carriers. The
reference and pumped electric fields of the terahertz transients can be expressed by the signals
measured by the first [E1 (t), modulated at 333 Hz] and the second [E2 (t), modulated at 500
Hz] lock-in amplifiers by
Ere f (t) = E1 (t)+AE2 (t) (1)
Epump (t) = E1 (t)−AE2 (t) (2)
where A is a calibration constant.
Figure 2(a) shows a typical shape of the voltage difference V1−2 between the two balanced
photodiodes while monitoring the induced phase retardation at the peak of the THz transient,
as illustrated in the lowest row of signals in Fig. 1(c). The exponential decay at t = 0 ms
corresponds to the transmitted THz signal strength without pump, whereas the exponential
decay at t = 3 ms corresponds to the transmitted THz signal with pump light, thus resulting
in a lower amplitude. The values measured by the lock-in amplifiers at 333 Hz and 500 Hz
are correspondingly the second (a333) and third (a500) harmonic Fourier coefficients of the
repetitive voltage difference between the two photodiodes with 6-ms period (167 Hz repetition
rate). The constant A can be expressed using a333 and a500 by
A =
a333|pump off−a333|pump on
a500|pump on
. (3)
Figure 2(b) shows calculated values of the calibration constant A as a function of the decay
time τ of the voltage difference. For fast photodiodes (τ ≈ 0) the constant A is 1, and increases
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to a maximum value at τ = 0.75 ms, followed by a gradual decrease at even slower photodiode
response times. We note that not only the decay time constant, but also the detailed shape of
the photodiode decay curve can influence the constant A significantly.
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Fig. 3. (a) Measured E1 and E2 signals at the peak of THz pulse after 400 nm excitation of
semi-insulating silicon in a 1D pump-probe experiment. (b) The recovered reference signal
Ere f = E1 +AE2 (A = 1.33) indicating a disordered response at the arrival of the pump.
Figure 3(a) shows the measured E1 and E2 signals of the peak of the THz pulse as a function
of time after 400 nm excitation of undoped silicon, as well as the calculated Ere f and Epump. The
carrier life time in silicon following 400 nm excitation is on the order of hundreds of μs [12],
and so the first 20 ps after excitation the Epump response is flat. This step-like response allows
for accurate experimental determination of the constant A, which is found to be equal to 1.33.
The decay constant of the voltage difference V1−2 between the balanced detector photodiodes
was found to be 1.02 ms, what corresponds to the value of A of 1.28. The difference from the
experimentally obtained value can be explained by variations of the voltage difference wave-
form from a pure exponential decay. Figure 3(b) shows the reference signal Ere f , calculated
from E1 and E2. Ere f is constant except near the arrival of the pump where a slight distortion
originating from the detector response is visible.
Frequency-resolved THz spectroscopy was performed on a 0.44 mm-thick wafer of semi-
insulating gallium arsenide. SI GaAs has become the standard test material for TRTS, for its
well known Drude conductivity response [17, 16], carrier dynamics and optical absorption [18].
The complex sheet conductivity Δσs = Δσ ′s + iΔσ ′′s of the photoexcited SI GaAs surface can be
extracted using the thin film equations [19, 2] :
Δσ ′s (ω) =
N +1
Z0
[
1
|T (ω)| cos [Φ(ω)]−1
]
(4)
Δσ ′′s (ω) =−
N +1
Z0
[
1
|T (ω)| sin [Φ(ω)]
]
(5)
where N is refractive index of the material and Z0 is the impedance of free space. The amplitude
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Fig. 4. Complex sheet conductivities Δσs = Δσ ′s + iΔσ ′′s of photoexcitated SI GaAs, 30 ps
after 400 nm excitation at room temperature. Conductivity extracted by taking two sepa-
rately and (d-f) simultaneously acquired reference and pump waveforms. The lines over the
conductivity data are simultaneous Drude fits to Δσ ′s and Δσ ′′s with scattering times given
in the figures.
|T (ω)|= |Epump(ω)||Ere f (ω)| and phase Φ(ω) = θpump−θre f of the complex transmission function are
obtained from the ratio of the Fourier transforms of Epump (t) and Ere f (t).
3. Results and discussion
Figure 4 presents the complex sheet conductivity, Δσs, in SI GaAs 30 ps after 400 nm excita-
tion. The applied pump fluence is 25 μJ/cm2 resulting in a maximum differential THz trans-
mission of 21%. The upper row (a-c) shows data obtained with the standard data acquisition
method (Ere f and ΔE (t) obtained in separate scans), while the lower row (d-f) shows results
of measurements in which the simultaneous data collection scheme was applied. The individ-
ual plots differ from each other by the number of measured THz pulses used for averaging,
which was done in the time domain. The observed transient complex conductivity of photoex-
cited SI GaAs can be well described by a simple Drude model, although to a varying degree
depending on data acquisition method and the number of averaged scans. It is evident that the
spectra extracted from the simultaneous detection scheme employed here is better represented
by the Drude model than the spectra obtained by separate acquisition. Drude model fits to both
Δσ ′s (ω) and Δσ ′′s (ω) data were performed simultaneously using the Levenberg-Marquardt al-
gorithm. The Drude scattering time τ obtained using the separate and simultaneous acquisition
methods differ, and the standard method gives lower values with greater variations. The re-
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sults obtained with simultaneous data acquisition are identical within error and the uncertainty
decreases with number of scans.
Comparing Fig. 4 (a) and (d) it can be seen that especially at high frequencies the conduc-
tivity spectrum obtained using the simultaneous method contains more noise. This behaviour
can be explained by the fact that only every third pump pulse is measured by the E2 signal,
so the signal to noise ratio (SNR) decreases by the factor of √3 in comparison to the stan-
dard technique. This estimation of SNR is valid under the assumptions that the main source of
noise in the system is the laser. In the case when the SNR is determined by the electrical noise
from photodiodes and lock-in amplifiers (ΔE is not much higher than noise on a base line),
the fact that E2 = 12A ΔE results in further decrease in SNR by the factor of 2A. However, the
factor two which is gained in data acquisition speed with the simultaneous method increases
signal-to-noise ratio by a factor of
√
2 for a given acquisition time. This is also observed when
comparing Fig. 4(c) and Fig. 4(f). Scatter at high frequencies, caused by the high ω roll-off of
the THz pulse power spectrum, decreases with number of scans in the average. The bandwidth
at which the collected data agrees with the Drude model increases with number of scans only
for the simultaneous detection scheme.
Analyzing Figs. 4(a), (b) and (c) we find that data obtained using the standard method are
characterized with lower point to point noise, but the agreement with the Drude model is very
poor. At frequencies higher than 1.5 THz, Δσ ′s (ω) is higher than expected from the Drude
model, while Δσ ′′s (ω) is lower than expected. Such a difference can have its origins in a small
time shift between the reference Ere f and differential ΔE scans. A constant time shift Δt results
in a linear phase shift ΔΦ(ω) = ωΔt. Based on the fact that cos(Φ+ΔΦ) ≈ cos(Φ)−ΦΔΦ
and sin(Φ+ΔΦ)≈ sin(Φ)+ΔΦ (which holds for |ΔΦ|  |Φ|  1) and using Eqs. 4 and 5 we
find expressions for the measured sheet conductivities Δσ ′∗s (ω) and Δσ
′′∗
s (ω),
Δσ ′∗s (ω) = Δσ ′s (ω)−
N +1
Z0
1
|T (ω)|ΦΔΦ, (6)
Δσ ′′∗s (ω) = Δσ ′′s (ω)−
N +1
Z0
1
|T (ω)|ΔΦ. (7)
A constant time shift influences both the real and imaginary part of conductivity in a linear
fashion with opposite signs of the corrections to the real and the imaginary part (Φ is negative
for a Drude response). This phase error influences the results of the extracted conductivity more
at higher frequencies than lower frequencies. The relative error in the phase will be less in the
vicinity of the scattering rate since this is where the transmission function has a peak in its
phase response.
An analysis of the data in Fig. 4(c) shows that a constant time shift of 17 fs between the
reference and differential scans can explain most of the disagreement between the data and the
Drude model. The new value for the scattering time taking this shift into account is 141±7 fs
and is in better agreement with that obtained using simultaneous data acquisition scheme. To
test the simultaneous data acquisition, we similarly performed a fit including a floating time
shift correction to data from figure 4(f). A time shift of 1.0± 0.5 fs was found to improve
the χ2 of the fit, but this is on level of accuracy of delay lines and confirms the principle of
simultaneous scans acquisition.
A small time shift between the reference transient Ere f and the differential ΔE can have sev-
eral origins. It can be a result of a change in the optical path between the THz generation and
gating pulse (on the order of few just few μm), which can be caused by temperature changes
of the optical table and elements on it, changes in the refractive index of air due to variations
in atmospheric humidity or N2 purging conditions, or changes in the output of the laser sys-
tem. Particularly changes in the near infrared pulse duration can greatly impact the shape of
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the amplitude spectrum of the generated THz radiation. Accurate spectroscopy therefore de-
mands very stable laboratory conditions. Because a time shift results in a linear phase shift, this
requirement is even more important for high bandwidth spectroscopy. The simultaneous de-
tection scheme presented here eases the demands of these stability conditions. We note that in
this case the conductivity response of the tested material was known in advance to be of Drude
form. In more exotic materials where the response is unknown, elimination of these artifacts
resulting from instability in experimental conditions is imperative for accurate spectroscopy
and interpretation of the experimental data.
4. Conclusions
In summary, we have presented a new method for simultaneous data acquisition in time-
resolved terahertz spectroscopy experiments. We have applied this method to extract the
sheet conductivity of photoexcited carriers in SI GaAs and compared the results with those
of a standard data acquisition scheme. We have shown that application of the new method
minimizes errors in spectrally resolved photoconductivity data originating from fluctuations in
the laser system output and timing errors in the THz pulse detection.
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